is The effects of acute hypertension and respiratory stress induced by Aramine (metaraminol bitartrate) upon blood-brain barrier (BBB) permeability to horseradish peroxidase (HRP) were studied in adult inbred white rats. The BBB permeability was quantitated by slicing the brain of each animal into 500-# thick sections, incubating the sections using the Reese-Karnovsky method, and counting all observed HRP perivascular exudates. No evidence of BBB compromise or significant elevation of blood pressure (BP) was observed in the following experimental groups: 1) control group of five animals; 2) hyperventilated group of five animals (final mean arterial blood gases: pO2, 104.2 mm Hg; pCO2, 24.8 mm Hg; pH, 7.53); 3) anoxicstress group of five animals (final mean arterial blood gases: pO~, 31.4 mm Hg; pCO,, 58.2 mm Hg; pH, 7.21). However, in a group of 15 animals subjected to anoxic stress followed by hyperventilation, in addition to extreme changes in the levels of arterial blood gases, a significant BP increase occurred (mean BP increase per second, 3.43 4-0.25 mm Hg; final mean BP, 163.3 4-3.18 mm Hg); as well as significant BBB opening (mean number of HRP exudates per animal, 12.2 4-0.85). Likewise, a final group of 10 animals given intravenous Aramine displayed a significant systemic BP elevation (mean BP increase per second, 6.9 4-0.38 mm Hg; final mean BP, 165.8 4-3.16 mm Hg), accompanied by BBB opening (mean number of exudates per animal, 51.5 4-5.95). The variable most strongly associated with the degree of barrier opening was the rate of BP rise (correlation coefficient = +0.84).
H
YPERTENSION is well established as a rapid mechanism by which the blood-brain barrier (BBB) may be opened. 8,6.8-1~ Hypertension induced by seizures" and electric shock 2e is also thought to cause rapid BBB bridging. Less rapidly, anoxia, ",tgag,88 hypercapnia? .5 and possibly hyperventilation tTa2 can also bridge the BBB. Hypoxic animals acutely subjected to sudden hyperventilation may experience a rise in blood pressure sufficient to induce BBB opening. Utilizing quantitative techniques 28a4 amplified from earlier inquiries) the following experiments were developed to evaluate the effect of sudden anoxia followed by hyperventilation upon the BBB, and to compare such an effect with BBB bridging by hypertension induced by Aramine (metaraminol bitartrate).
Materials and Methods
Adult healthy inbred white rats (250 to 500 gm) were anesthesized by intraperitoneal injection of phenobarbital (100 mg/kg body weight). Each femoral artery and one femoral vein were catheterized with heparinized polyethylene catheters. Using separate femoral arteries, arterial pressure was continuously monitored and periodic arterial blood gases obtained. A standard tracheostomy was performed and the trachea cannulated with a short polyethylene tube, connected to a respirator when indicated. A intravenous injection of 25 mg/100 gm body weight of horseradish peroxidase (HRP) Type II diluted in 1 ml of normal saline was given as a barrier tracer. After the HRP had been allowed to circulate for 5 minutes, arterial blood gases were obtained. The rats were then subjected to a number of different experimental protocols:
Group 1: Five animals in a control group were sacrificed at this point. Group 2: Five animals were subjected to a 60-second anoxic period by occlusion of the airway. At the conclusion of this insult, arterial blood gases were measured, and the airway obstruction removed. After a 10-minute delay, the animals were sacrificed. Group 3: Five animals were hyperventilated with room air via a rodent respirator* with a 5-cu cm stroke volume at 100 times per minute. After a 10-minute period, arterial blood gases were measured and the animals sacrificed. Group 4: Fifteen animals were subjected to 1-minute airway occlusion, at which time arterial blood gases were measured. The animals were then hyperventilated with the rodent respirator set at a stroke volume of 5 cu cm at 100 times a minute for 10 minutes. Arterial blood gases were then measured again and the animals sacrificed. Group 5: Ten animals were given Aramine (1.25 to 0.5 mg/kg body weight) to acutely elevate their blood pressure above 150 mm Hg. After a 10-minute delay, these animals were sacrificed.
All animals were sacrificed in the standard fashion. The chest was opened, the right atrium cut, and the *Respirator, Model 680, manufactured by Harvard Apparatus Co., Millis, Massachusetts.
abdominal aorta and intercostal arteries were clamped. A standard 200-ml glutaraldehyde solution was then infused. The aortic cannula was 125 cm below the level of the perfusate. After perfusion, the brain was left in situ for 1 to 3 hours and then removed and placed in a diluted fixing solution for 12 to 16 hours. If perfusion was adequate, the entire brain was meticulously sliced into approximately 500-# thick sections with a No. 11 knife blade. The slices were then processed for HRP activity via the ReeseKarnovsky method, 21 and the number of perivascular exudates in each slice counted using • 10 magnification. Both sides of each slice were carefully examined while in a small dish of buffer solution. Exudates appearing at the same point on both sides of a respective tissue slice and thus likely representing a common point of BBB opening were counted only once. Suitable specimens were processed for light microscopic examination.
Results
In Group 1 (the control group), the systemic blood pressure and arterial blood gases were constant, with no evidence of BBB opening (Table 1 ). In Group 2 (the hyperventilation group), the systemic blood pressure fell somewhat, and the arterial mean gases were markedly altered compared with the control group. No BBB opening was detected ( Table 2 ).
All the animals in Group 3 (the anoxia group) recovered from their anoxic insult. However, a considerable drop in blood pressure to a mean of 39 mm Hg occurred. Blood gases reflected the anoxia. No BBB opening was observed (Table 3) .
Twelve of the 15 animals in Group 4 (the anoxiahyperventilation group) demonstrated BBB opening. Among these 12 animals, hyperventilation produced a blood-pressure elevation to at least 150 mm Hg, accompanied by hypocarbic, hypoxic, alkalotic arterial blood gases (Table 4 ). In three animals displaying more moderate blood-pressure elevation, no BBB opening was observed (Table 5 ). Neither the change in pCO2 and pO2 (Fig. 1 ) nor the change in pH (Fig. 2) seemed to influence the number of exudates found in these animals. However, the arterial blood gases of the three animals in which no BBB opening occurred indicated a greater sensitivity to anoxic insults and a slower recovery than in the animals in which no BBB opening occurred (Figs. 3-5 ).
FIG. 3.
The change in arterial pO2 over time in response to anoxic-hyperventilation stress. No exudates were observed in three animals whose initial arterial pCO~ response to anoxia was excessive enough to retard later changes to hyperventilation. (This effect was also observed in the same three animals in regards to pH and pO2.) BBB = bloodbrain barrier. In Group 5 (the Aramine group), all 10 animals had some evidence of BBB opening (Table 6 ). While the composite BBB opening in the Aramine group was four times greater than the anoxic-hyperventilation group, the difference in opening did not appear to be connected to a rise in blood pressure (Fig. 6) or to the maximum blood pressure reached (Fig. 7) . In fact, the total rise in blood pressure was uniformly much greater in the anoxic-hyperventilation group (Group 4) than in the Aramine group (Group 5), since the anoxic insult initially produced hypotension ( Table 4) . The degree of BBB opening did, however, seem to correlate with the rate of blood pressure rise. Significantly, the rate of rise in blood pressure was much faster in the Aramine group than in the anoxic-hyperventilation group; in fact, an almost linear relationship existed (correlation coefficient = + 0.84) (Fig. 8). FI6. 5. The change in arterial pO~ over time in response to anoxic-hyperventilation stress. BBB = blood-brain barrier.
Discussion
In using a BBB quantitative method, a standard delay is necessary between bridging the BBB and the sacrifice of the experimental animal. Since there is a longitudinal diffusion of the H R P , a longer delay would produce a higher count of exudate, and a shorter delay correspondingly fewer exudates. Moreover, our method does not assess density of the H R P exudates, nor does it count exudates that are not obvious at a • 10 magnification. Additionally, a rather moderate amount of H R P was used in our experiments, and may have served to exclude the small amount of vestibular peroxidate transport noted by others s~ from our exudate total. Nevertheless, our method emphasizes the scattered nature of initial BBB opening, and, by minimizing the complicated laboratory equipment required, does offer some advantages over the autoradiographic or isotope methods of measuring BBB breakdown.
In our experiments, no BBB opening occurred in either the anoxic control or the hyperventilation control groups; in contrast, other investigators have found that hypercapnia, anoxia, and hyperventilation can damage the BBB. In these instances, however, BBB alteration did not occur until some hours after the respiratory insult. Since our experiments were terminated quickly, the absence of BBB leaks is not surprising.
Our experiments suggest that elevated systemic blood pressure provoked by anoxia-hyperventilation was the method by which BBB opening occurred. On the other hand, it is well known that many factors 25 influence the cerebral arterial diameter, including osmolarity, 3~ ions (especially potassium), 15 norepinephrine, 31 and pH. z'',t6,2~176 As Johansson emphasizes, TM a variation of La Place's Law states that the amount of vessel wall tension present is directly related to the diameter of the vessel? 4 vessel wall tension = blood pressure • internal radius of vessel thickness of vessel wall Thus, if any vessel were unduly dilated prior to a blood pressure increase, or impaired autoregulation responding to the increased blood pressure produced a sluggish vessel contraction, vessel wall tension would be greater. More BBB opening could therefore be expected. The relative paucity of BBB openings demonstrated by our method, compared to the extensive vasculature at risk, points up the small subpopulation of vulnerable vessels. Yet, over time, large quantities of exogenous protein may leak into the brain through such vessels. It is probable that in the anoxic-hyperventilation group, a two-phase cerebral vascular response exists. During the initial anoxic period, low systemic blood pressure, PaO~, and serum pH coupled with an elevated pCO2 cause cerebral vasodilatation. Since autoregulation is not instantaneous, these dilated vessels are vulnerable to sudden increases in the systemic blood pressure.
In the second, or hyperventilation phase, the rapid blood pressure rise coupled with low PaCO~ and high PaO2 causes cerebrovasoconstriction. Such vasoconstriction, as pointed out by earlier experiments, should give a measure of protection against BBB bridging induced by hypertension) s
In our anoxic-hyperventilation model, evolving vasoconstriction did not fully protect the BBB against the rapidly rising systemic blood pressure. TM However, hyperventilation may have caused enough vasoconstriction to somewhat minimize BBB opening (Figs. 6 and 7) . Our data indicate that the rate of blood pressure rise seemed far more important in determining the degree of BBB opening than did the exudates in the anoxic-hyperventilation stress and Aramine groups of experimental animals. The anoxic-hyperventilation stress group with fewer observed HRP exudates demonstrated a rather slow blood pressure rise; in the Aramine group, however, a more rapid blood pressure rise was accompanied by correspondingly more HRP exudates. J. s. Robinson and R. A. Moody total blood pressure rise or the maximum blood pressure achieved. Indeed, the almost linear relationship between rate of blood pressure rise and BBB opening suggests an inverse relationship between the cerebral autoregulation to elevated blood pressure and hypertension-induced BBB opening.
